Contents and rates of the sulfur sorption on the reduced iron from hematite and limonite were measured in the atmosphere of H 2 -H 2 S mixture of sulfur activity less than unity by combining the thermogravimetric method with the reaction interruption method. The sulfur content by the former was a half the content by the latter presumably owing to the sorbed sulfur exchanged with sorbed oxygen. In this study, the saturated content of sulfur, which is attained after enough long time, was estimated by the latter and the sorption rate was measured by the former. The equilibrium content was properly expressed by the Langmuir's isotherm. The simulation of the sorption rate by the parallel model, in which the diffusion of gas molecules in the pore and the diffusion of adsorbed species on the wall of the pore were taken into account, was tried. It was successful with the sulfur sorption of the reduced iron from limonite and the diffusion was mainly surface diffusion at 873 K, but it gradually shifted to the diffusion in pore with increasing temperature. But any trial was unsuccessful with that from the hematite. The reason may be attributed to, in the reduced iron from the hematite, the contribution of sulfur segregated on the grain boundary of reduced iron is significant relative to the total sorption content to the content of sulfur adsorbed on the surface pore.
Introduction
In Japan, several national projects 1) have been performed to improve the efficiency in power generation in coal utilizing plants up to more than 60 % by the sophisticated technique of a combined cycle of coal gas production and power generation. In the plants, the high-temperature coal gas is produced in the first step and the gas is used descending the temperature and increasing the oxidation degree in the order of gas turbine, fuel cell and steam turbine. The coal gas is produced by partial oxidation of pulverized coal in a jet circulating furnace, instead of direct combustion of coal. In the combined cycle, the hot coal gas of nearly 1 200 K is efficiently used in the several steps of temperature drop of a cascade pattern in the order of gas turbine, fuel cell and steam turbine. In order to depress the corrosion of metal alloys and electrode materials, desulfurization of the coal gas at the high temperature is one of key technologies to attain the high efficiency. So far, reduced iron, 2) zinc ferrite and the other ferrites 3) have been developed and tested as reagent for the desulfurization.
On the other hand, it is reported by the present authors [4] [5] [6] [7] [8] that reduced iron adsorbed with sulfur of the activity less than the Fe/FeS equilibrium can be carburized to form iron carbides in reaction gas mixtures of high carbon potential without the decomposition of iron carbides and the precipitation of free carbon. In order to commercially produce iron carbides on the basis of the concept to the fundamental studies, it is very important to investigate the amount and rate of sulfur adsorption on porous iron reduced from iron ores.
From the previous studies on the reduction of iron ore, furthermore, H 2 S in the reducing gas of even as low potential as iron sulfide, FeS, decomposes can enhance or retard the reduction [4] [5] [6] to an extreme level depending on the reduction conditions. Sulfur also can stabilize iron carbide by the adsorption on the surface and can prevent carbon precipitation as a side reaction in CO-H 2 mixtures, 7, 8) even though the content of H 2 S in the reducing gas is very low in the very low range from a few hundreds ppm to a few thousands ppm.
A number of studies have been published about the effect of adsorbed sulfur on the rate of carburization and decarburization, and nitrogenization and denitrogenization on the surface of iron plate and molten iron. On the reactions on foil or plate of iron, especially, a number of studies were conducted by many authors including Yoshiwara et al. [9] [10] [11] [12] and Grabke et al. [13] [14] [15] [16] On the other hand, sulfur adsorption of the porous reduced iron particles has not studied at all because of the difficulties in the surface analysis of the porous iron in spite of its importance.
The studies 17) conduced so far in order to use reduced iron as desulfurization reagent are mainly concerned with sulfur of as high potential as FeS is formed. Contrary to this, there has not been studied concerning sulfur sorption of a single particle of reduced iron from sulfur bearing gas of as low potential as FeS is unstable. The objectives of the present study are to measure the content and rate of sulfur sorption from sulfur bearing gases by the reduced iron particles. The simulation of the sorption rate by the general adsorption model and the determination of the rate-controlling step are performed.
Experimental
Iron ore particles of a hematite and a limonite were used as source materials, whose chemical compositions are shown in Table 1 , for preparing reduced iron particles. Hematite powder of the size less than 45 mm was balled by a tire-type pelletizer and indurated for 3.6 ks at 1 523 K in the atmosphere. And the pellets of 5 to 6 mm in diameter and about 300 to 400 mg in the weight were used in the experiments. The limonite contains goethite, FeOOH, as main component, which goethite decomposes to Fe 2 O 3 in heating to high temperatures. Limonite pellets, which indurated in the same condition as the hematite pellets, severely shrank. The measurement of the sorption content of sulfur with reduced iron from the limonite pellets was tried, but the specific surface area of the reduced iron decreased exceedingly and the equilibrium sorption content of sulfur was also much less than that of reduced iron from the hematite pellets. From such a reason, limonite particles of 150 to 210 mm was prepared by sieving after pulverizing and about 150 mg was used in each test after dried for about 1 d at 378 K, which forms about 1 mm thick layer on the flat disc of silica-filtration-paper of 12 mm in diameter. Then, the sample holding frame of 0.3 mm platinum wire, which kept the disc horizontal, was hung on the beam of high sensitivity electric balance in a silica glass reaction tube of 20 mm in inside-diameter. The reaction gas stream stagnated to the bottom of the pellet and was in good contact with the pellet's surface. As for the limonite, the gas flowed upward around the silica disk to react with the particle bed from its open upper surface. A pellet in the basket and a particle bed on the silica filtration paper disk were shown in Fig. 1 .
The sample was heated up to a given temperature between 873 to 1 173 K in flowing nitrogen and reduced completely with hydrogen gas of the flow rate 16.7ϫ10 Ϫ6 m 3 (273 K, 1 atm)/s for 3.5 ks at 1 073 and 1 173 K, and for 4.5 ks at 873 and 973 K. Then, the hydrogen flow is switched to H 2 -H 2 S mixtures of the same flow rate and the weight increase of the sample by sulfur sorption was measured. Hereafter, this method is abbreviated as thermogravimetric method. Moreover, after the sulfur sorption of the reduced iron finished or it was interrupted on the way, the reduced iron was cooled down to room temperature in nitrogen flow and held for enough time. The sulfur content of the sample was chemically analyzed. This method is abbreviated as reaction interruption method. The surface area measurement by BET method and identification by X-ray diffraction were done with the samples.
Sulfur activity, a S , in a reaction gas was calculated by dividing the partial pressure ratio (H 2 S/H 2 ) of the reaction gas by the ratio (H 2 S/H 2 ) e in the reaction equilibrium of FeSϩH 2 ϭFeϩH 2 S. The partial pressure ratio 18) for a S ϭ1 is shown in Table 2 .
Experimental Results and Discussions

Verification of Thermogravimetric Method by
Comparison with Reaction Interruption Method Sulfur sorption curves by the reaction interruption method are shown in Fig. 2 for reduced iron from the hematite at 873, 973 and 1 073 K. For comparison, a sulfur sorption curve by the thermogravimetric method at 873 K was also contained in the figure, which was calculated under the assumption that the whole weight gain was made only by sulfur sorption. Concerning the sulfur sorption curve measured by the reaction interruption method, the sorption content of sulfur in the equilibrium state has a tendency to decrease gradually as the reduction temperature increases. This phenomenon may be attributed to the fact that the specific surface area of reduced iron decreases with increasing the reduction temperature as shown later.
Comparing the results at 873 K by the two methods, the sulfur content obtained by the thermogravimetric method is about a half of the content of sulfur by the reaction interruption method. This relation was commonly observed in the present study. The reason is presumed that sulfur is substituted for oxygen sorbed on the reduced iron by reaction with the H 2 -H 2 S mixture gas. If the removal of one oxygen atom (M O ϭ16) and adsorption of one sulfur atom (M S ϭ32) happens, the net weight increase corresponding to the difference of their atomic weight becomes about a half of the sulfur amounts by chemical analysis.
Moreover, the sorption rate of sulfur is very fast except the result at 873 K although the concentration of H 2 S in the reaction gas is in very low levels ranged from several hundreds ppm to several thousands ppm. It is understood that it is difficult to measure the sorption rate by the reaction interruption method at temperatures more than 873 K where the rate is relatively slow. Hereafter, the equilibrium sorption content of sulfur, which is defined to be the sorption content of sulfur equilibrated with the H 2 -H 2 S mixtures, was measured by the chemical analysis, and the relative sorption rates approaching to the equilibrium sorption content were measured by the thermogravimetric method.
In Fig. 3 , the sulfur sorption curve of reduced iron from the hematite pellet is compared with that from the limonite particle, both being measured by the thermogravimetric method. The latter shows the faster rate about four times the former. From the results, it is assumed that the sorption amount of sulfur for the latter was quadrupled because the specific surface area of reduced iron is very large due to the decomposition of FeO(OH) to Fe 2 O 3 during heating the limonite. Thus, the reliable sorption rate of sulfur at 873 K was measurable even with the limonite by the application of the gravimetric method.
Influence of Temperature and Sulfur Activity on
Sulfur Sorption Rates The influence of the sulfur activity on the sulfur sorption curve, which was measured by the thermogravimetric method, is shown in Figs. 4, 5 and 6 for the reduced iron from the limonite at 873, 973 and 1 073 K, respectively. The sulfur activity was varied at three levels a S ϭ0.05, 0.1, and 0.5. At each temperature, the sorption rate becomes faster and the equilibrium sorption content increases as the sulfur activity increases. However, as the temperature increases, the scattering in the data becomes somewhat larger due to a relative decrease in the sulfur sorption content.
A part of sorption curves, e.g. the curves of a S ϭ0.5 at 873 K and a S ϭ0.1 and 0.5 at 973 K, shows a certain decrease in the weight gain after once the maximum value is reached. The abnormal weight loss may be attributed to an abruptly enhanced reduction of residual oxygen, which is known to occur due to the action of sulfur breaking out formed and sintered dense iron shells around remained wustite by the penetration of sulfur in the grain boundaries of the iron shell. Especially at 973 K, sintering of a number of iron nuclei formed around the remained wustite during reduction can remarkably delay the reduction rate of the wustite, which is well known as "rate minimum phenomena". As for reduced iron at 1 173 K, the abnormal weight loss was not observed also in the present study in accordance with literature.
19)
Influence of Specific Surface Area on Equilibrium Sorption Content of Sulfur
The above mentioned experiments for the sulfur sorption by reduced iron were made at the same temperature as the reduction was conducted. Therefore, the variation in the properties of reduced iron, especially the specific surface area, with the reduction temperature may affect the sulfur sorption. Thus, the surface area of reduced iron was measured by BET method by using nitrogen gas as adsorption gas. Reduced iron for the measurement was prepared by reducing the iron ore for 4.5 ks at 873 and 973 K, and for 3.5 ks at 1 073 and 1 173 K. As shown in Fig. 7 , the specific surface area decreases with increasing temperature in accordance with literature. 20) Comparing the equilibrium sorption content of sulfur with the specific surface area, a good correspondence is expected between them. If the sorption of sulfur is mainly its adsorption on the pore surface of reduced iron, there should be a proportional relation. Thus it is expected that the sorption content of sulfur is primarily determined by the specific surface area if the adsorption is the main species.
Equilibrium Sorption Content of Sulfur at 873
to 1 173 K for Reduced Iron at 1 173 K from Hematite Influence of the sorption temperature on the sorption content of sulfur was investigated at temperatures of 873 to 1 173 K with reduced iron prepared by reducing the hematite iron ore for 3.5 ks at 1 173 K, which is the highest temperature of sulfur sorption experiments and at which the reduction can be completed in a shorter time. The sorption content of sulfur was measured at four levels of temperature using reduced iron of a specific surface area.
The measured equilibrium content of sulfur is plotted against the activity of sulfur in Fig. 8 . With increasing the sorption temperature, the sorption content increases, which is contrary to the case where the reduction and the sulfur sorption were done at identical temperatures varied in a range. Thus, by using the reduced iron having the same specific surface area, the sulfur sorption may be understood in more detail.
Rate Analysis and Discussions
Diffusion Model
The reaction which transfers sulfur from the gas phase containing H 2 S to the pore surface of reduced iron is Eq.
(1). The sulfur sorption rate of reduced iron from the limonite at the same temperature as its reduction temperature, and the rate of reduced iron from the hematite at the reduction temperature 1 173 K or less were analyzed by a general diffusion model for adsorption rate. For the mathematical analysis, it was assumed that the sulfur sorption content is the sum of the sulfur content for grain boundary segregation and that for pore surface adsorption because the dissolved content of sulfur in the bulk of the reduced iron is very low. 21) Generally, adsorption isotherms for many substances can be expressed by the Langmuir's isotherm whereas the isotherm for grain boundary segregation is frequently expressed by Langmuir-McLean's isotherm. The two equations are common in that q/(1Ϫq) is a function of sulfur activity and temperature and the surface coverage of sulfur is expressed by Eq. 2) where q is the coverage of sulfur on the surface or grain boundary of reduced iron, q and q sat are the content and saturated content per unit mass of the reduced iron, and K S the coefficient of adsorption or segregation. Applicability of the equation to the experimental results in the present work was checked. As a result, the present results were well expressed by the Langmuir's adsorption isotherm. Grabke 14) also applied the equation to represent the relation between the surface coverage of sulfur on an iron plate and sulfur activity in the atmosphere. They evaluated the surface coverage by analyzing the initial rate of carburization and nitrogenation on the surface of a high purity iron foil by the reactions with the atmospheres.
Rearranging Eq. The saturated content of sulfur for the reduced iron from the limonite and hematite was replotted in the relation q versus a S and 1/q versus C H 2 /C H 2 S on the basis of Eqs. (2) and (3Ј) in Figs. 9 and 10, respectively. In Fig. 9 , a good straight-line relation was seen at each temperature except the small value range of the ratio C H 2 /C H 2 S . The Langmuir equation is valid for representing the equilibrium sorption content of sulfur as a function of sulfur activity. Following the equilibrium content of sulfur, the sorption rate in the present work is simulated. According to the theory 22, 23) for the adsorption rate of porous materials, diffusion of sulfur in porous reduced iron can proceed by means of the gas phase diffusion of H 2 S molecule through pores and the surface diffusion of atomic sulfur adsorbed on pore surface. As a precondition for the diffusion model, it was assumed that local equilibrium of adsorption reaction, Reaction (1) , between in the gas phase and on the pore surface is established. In the parallel model, the equation for the mass balance of sulfur in a particle of reduced iron is expressed by Eq. (4). 
.(4)
D s is the surface diffusion coefficient and D p is the gas diffusion coefficient in the pores. To the Eq. (4), applying the mathematical relations of (∂C/∂t)ϭ(dC/dq)(∂q/∂t) and (∂C/∂r)ϭ(dC/dq)(∂q/∂r) and defining D e by Eq. (5), the diffusion equation is derived as Eq. (6). q 0 is the sorption amount in equilibrium with the gas phase, i.e. q 0 ϭq sat . Fig. 9 . Relation between 1/q and 1/(C H 2 S /C H 2 ) plot of sorption curve for reduced iron from goethite ore. 
Results of Analysis 4.2.1. Limonite
In the simulation of the sorption curve, the fitting technique was used to determine the value of D e and D s on the basis of Eq. (6) for the sulfur sorption curves of reduced iron from the limonite at 873 and 1 173 K. The porosity of reduced iron was calculated from the true densities of goethite and a-iron to be e p ϭ0.696. In Fig. 11 , the fitted curves are compared with the experimental ones showing good fitting. The values of the two effective diffusivities, i.e. DЈ e and D s , which are defined as the parameters of diffusivity in Eq. (5), were obtained where DЈ e is defined by Eq. (10) .
DЈ e ϭD e (1ϩe p dC/dq)ϭD s ϩD p (dC/dq) ......... (10) In order to determine the rate-determining step, the values of DЈ e , D s and their ratio D s /DЈ e are shown in Table 3 . The ratio D s /DЈ e is 0.905 at 873 K, which suggests that the sorption rate is mainly controlled by the surface diffusion of sulfur. But the value decreases gradually with increasing the temperature to ultimately reach 0.371 at 1 173 K, which suggests a mixed control of the gas phase diffusion in pores and surface diffusion on pore surface. From these results, it has been understood that the surface diffusion control prevails at lower temperatures, but the rate controlling diffusion shifts gradually to the gas phase diffusion control in the pore with increasing the temperature.
Hematite
On the contrary to the limonite, any trial of fitting the general model to the sulfur sorption curves was unsuccessful to the sulfur sorption curves of reduced iron from the hematite. The reason may be attributed to the difference in the characteristics of reduced iron or the size of particles, i.e. limonite; particle of 150-210 mm and hematite; pellet of 5.6 mm in diameter. The porosity of the reduced pellet was calculated from the porosity of pellets and the true densities of a-Fe 2 O 3 and a-iron to be e p ϭ0.650. Below, we discuss in more detail the sorption other than the adsorption.
First, the segregation of sulfur at grain boundaries of reduced iron from the hematite is discussed. The mean grain size of reduced iron from the hematite is supposed to be much larger than that from the limonite because of the much larger size of wustite grains in the former than the latter. In reducing iron ore particles, a lot of iron nuclei are formed on the surface of wustite because the reaction proceeds at a fast rate and the nuclei unite to form a skeleton of reduced iron. In view of such a process, it may be supposed that the crystal grain of iron is minute and the area of the grain boundary per unit mass of reduced iron is extremely large relative to the area of pore surface. Grabke 15, 16) has analyzed the grain boundary of iron exposed to a ultra-high vacuum, which was prepared by the intergranular fracture method, by Auger electron spectroscopy. And they indicated a strong segregation tendency of sulfur on the grain boundary. It is reasonable to expect that the reduced iron from the hematite possesses relatively much larger grain boundary area than the pore surface area whereas the reduced iron from the limonite does less grain boundary area than the surface area. Consequently, for the iron from hematite, more amount of sulfur can segregate in the grain boundary than on the pore surface. Generally, for grain boundary segregation, the coverage of an element can be represented by Langmuir-McLean equation as a function of the activity of the solute and temperature, but the actual segregation is also affected by the other solute elements. 16) In such situation, Grabke et al. 15, 16) have not succeeded in formalizing the grain boundary segregation of sulfur.
Second, the possibility of any sulfide formation is discussed. Since, in the present work, the sulfur activity is controlled so as to be less than unity relative to Fe/FeS equilibrium, the formation of FeS is impossible. But, there remains some possibility of sulfide formation from Mn dissolved in iron during reduction, and MnO. But thermodynamic consideration indicates that it is hardly permitted. Xray diffraction also indicated no formation of FeS and MnS. Probably, adsorption of sulfur to clay materials, Al 2 O 3 and SiO 2 , may also be excluded. Further, formation of CaS may be neglected because CaO is a trace impurity in the iron ore used. Finally, as for the solution of sulfur into the bulk of reduced iron, the solubility limit of sulfur is very low, i.e. 0.020Ϯ0.002 mass% 21) at 1 173 K, which is only 10 % of the saturated sulfur content 0.2 mass% at 1 173 K. In the temperature range in the actual experiment is as low as 873 to 1 173 K, since the diffusivity of sulfur is very small, the equilibrium solution of sulfur up to near the saturation level will require much longer time than the experimental one. Therefore, it is difficult to consider that the sulfur dissolved in reduced iron can influence on the total content. Consequently, the grain boundary segregation of sulfur is the only feasible sulfur source other than the adsorbed sulfur.
Via the discussion described above, the conclusions have Table 3 . Ratios of the gas diffusivity of H 2 S molecules in H 2 -H 2 S mixtures in pores to the surface diffusivity of adsorbed sulfur atoms on the pore surface. been reached that sulfur sorption is composed of the pore surface adsorption and the grain boundary segregation. Here, the adsorption and segregation of sulfur are discussed on the basis of the surface coverage for sulfur, which was calculated from the BET surface area and sulfur content. It is assumed that the ordered sulfur configuration of c(2ϫ2) in the saturated adsorption on Fe(110) face. 24) The coverage calculated was shown in Table 4 . The surface coverage at 1 173 K for limonite was 2.12 for a S ϭ0.1 and 3.12 for a S ϭ0.5 while the coverage at 873 K for the hematite exceeded 2 and that at 1 073 K and 1 173 K for a S ϭ0.5 were larger than 10. The coverage for the limonite is smaller than the value for the hematite even though the value is greater than unity. Since the face index of actual reduced iron may not be perfect Fe(110), there may be permitted slight excess of surface coverage over unity. But the deviation from unity is too large to permit the possibility of exclusive surface adsorption. Furthermore, even if it is taken into account that the difference in size of the adsorption molecule between the surface area measurement gas, N 2 , and the sulfur atom, the value which greatly exceeds unity indicates that besides the sulfur adsorption, the grain boundary segregation contribution should be take into account. Conclusively, it is not unreasonable that the saturated amount of the sulfur sorption increases with increasing temperature because the content of sulfur segregation increases.
If the segregation of sulfur at the grain boundary of reduced iron is significant or predominant for the reduced iron from the hematite, the segregation suffered from diffusion resistance of sulfur in addition to the surface diffusion. And the sulfur sorption rate of the reduced iron from the hematite may not be represented by the parallel diffusion model, i.e. by Eq. (6).
Conclusions
(1) Equilibrium sorption content of sulfur to reduced iron from H 2 -H 2 S mixture can be formalized by Langmuir's adsorption isotherm as a function of sulfur activity and temperature.
(2) Sorption rate of sulfur to the reduced iron from the limonite could be simulated by a parallel diffusion model of the gas phase diffusion of H 2 S molecule in pore and surface diffusion of atomic sulfur adsorbed on the pore wall. The rate-controlling step shifts from the control of surface diffusion to the mixed control of surface diffusion and gas-phase diffusion in pores with increasing temperature from 873 to
